Interaction of 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) and isopropanol in the presence of equimolar quantities of guanidine thiocyanate (GndSCN) with bovine a-lactalbumin (a-LA) has been investigated by using a combination of isothermal titration calorimetry, circular dichroism, fluorescence, and ultra-violet spectroscopies at in 20 Á 10 À3 mol Á dm À3 phosphate buffer pH 7.0. All the thermal unfolding transitions, in the presence of both the (alcohol + salt) mixtures were found to be reversible as judged by the same values of absorbance observed at different temperatures during cooling after the completion of thermal unfolding. In the presence of the 0.25 mol Á dm À3 (HFIP + GndSCN) equimolar mixture and 0.85 mol Á dm À3 (isopropanol + GndSCN) equimolar mixture, a-lactalbumin was observed to be in the partially folded state with significant loss of native tertiary structure. Intrinsic fluorescence results, acrylamide and potassium iodide quenching, 8-anilino-1-naphthalenesulfonic acid (ANS) binding, and energy transfer results also corroborate the presence of partially folded states of a-lactalbumin. Apart from the generation of the partially folded states, it was also observed that destabilizing action of GndSCN is reduced in the presence of isopropanol compared to that in HFIP. Isothermal titration calorimetry has been used to characterize the energetics of ANS binding to the partially folded states of the protein. ITC results indicate that ANS binds to these partially folded states at pH 7.0 due to the presence of two sequentially binding sites on the protein under the solvent conditions employed. For example, ANS binds to the 0.25 mol Á dm À3 (HFIP + GndSCN) induced partially folded state with affinity constants K 1 = (858 ± 220), K 2 = (1.12 ± 0.25) Á 10 3 ; enthalpies of binding DH 1 = (4.4 ± 1.0) kJ Á mol À1 , DH 2 = (2.1 ± 0.2) kJ Á mol
Introduction
In order to understand the conformational behaviour of a protein, defining the details of the structures of intermediate species that populate protein folding pathway constitutes an important challenge in the understanding of the mechanism of protein folding. Significant work has been done on the detection and characterization of these folding intermediates [1] [2] [3] . It has been suggested [4] [5] [6] [7] [8] that a close similarity exists between the compact species formed during the early stages of refolding a protein and the partially folded states observed at equilibrium under partial denaturing conditions. Thus, insights into the transient kinetic partially folded states, which are otherwise difficult to trap because of their transient nature, can be gained through detailed structural studies of the stable equilibrium partially folded state.
Alcohols are known to denature the native state of proteins by weakening the hydrophobic interactions and enhance local polar interactions such as hydrogen bonds. They also stabilize the a-helical conformation in proteins by minimizing the exposure of peptide backbone [9] [10] [11] [12] . Fluoro-substituted alcohols have been shown to exhibit structure stabilizing effects on proteins and peptides [13] [14] [15] . In recent years, use of 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) has been reported in the generation of intermediate conformations and several other applications in biochemical studies [16] [17] [18] [19] [20] [21] . The biological implication of HFIP has been reported in the investigation of prion diseases and Alzhiemer's amyloid peptides [22, 23] . It has been used to induce refolding in case of Cobra neurotoxin in the presence of sodium dodecyl sulphate [20] . HFIP has effectively formed aggregates in cecropin AD [19] and molten globule (MG) states in myoglobin [18] .
The regulation of milk lactose biosynthesis is highly dependent on the action of a specifier protein, a-lactalbumin (a-LA) which is a well characterized protein with a molar mass of 14.2 kDa and 123 amino acid residues making up the two domains [24] . In this work, the effectiveness of isopropanol and its fluorosubstituted homologue, HFIP, to generate the partially folded state in a-LA has been examined in the presence of guanidine thiocyanate (GndSCN). The GndSCN is a strong denaturant while alcohols are capable of producing local secondary structures, and here we have made an attempt to find whether an partially folded state at equilibrium can be generated under milder conditions when they are used together. A combination of isothermal titration calorimetry, UV-Visible, circular dichroism and fluorescence spectroscopy has been used to characterize these partially folded states both qualitatively and quantitatively.
Materials and methods
Bovine a-lactalbumin (type I) (mass fraction purity 0.85), 1,1,1,3,3,3-hexafluoroisopropanol (mass fraction purity 0.99), ANS (mass fraction purity 0.99), potassium iodide (mass fraction purity 0.996), acrylamide (mass fraction purity 0.994), sodium thiosulphate(Na 2 S 2 O 3 ) (mass fraction purity >0.995), guanidine thiocyanate (mass fraction purity 0.99) and potassium phosphate (mass fraction purity 0.99) were purchased from Sigma Chemical Company and used without further purification. Isopropanol was procured from SRL and was used as such. The base NaOH (mass fraction purity 0.99) was of reagent grade. Entries in the parentheses represent purity of the compound as listed by the vendor. The water used for preparing the solutions was double distilled followed by deionization using a Cole-Parmer research mixed-bed ion exchange column. The stock solutions of a-LA for all the experiments were prepared by extensive dialysis of the protein at T = 277 K against 20 Á 10 À3 mol Á dm 3 potassium phosphate buffer, at pH 7.0. The reported pH is that of the dialysate, determined using a standard Control Dynamics pH meter at room temperature.
UV-Visible experiments
The concentration of a-lactalbumin was determined using an extinction coefficient corresponding to an absorbance of A 1% 280 ¼ 20:1 at pH 7.0 [25] in phosphate buffer. This value is assumed to be reliable as it has been thoroughly reported in the literature to calculate the concentration of a-lactalbumin. A Shimadzu UV265 spectrophotometer was used for the concentration determination and thermal denaturation scans. The protein concentration in the thermal denaturation experiments was kept at 7.0 Á 10 À3 mol Á dm À3 and the absorbance at different temperatures was measured at a fixed wavelength of 293 nm. The temperature around the cuvettes was controlled with a Cole-Parmer Polystat temperature controller unit to within 0.1 K. The results in terms of transition temperature (T 1/2 ) and enthalpy of thermal unfolding (DH) were analyzed by EXAM programme of Kirchhoff [26] and the other thermodynamic parameters accompanying the thermal transitions were evaluated. Each experiment was repeated at least twice to check the reproducibility. The reversibility of the thermal denaturation was checked by heating the sample to just above the transition temperature, cooling it down gradually and measuring the absorbance. The Gibbs free energy (DG ) of thermal denaturation was calculated at different temperatures for denaturation of the protein in these solvents by using the values of heat capacity of denaturation (DC p ) obtained from slope of the plot of DH against T 1/2 in the following relationship,
The thermodynamic parameters obtained for the reversible thermal denaturation of the protein were used to calculate the value of DC 23 , the change in preferential solvation parameter of component 2 (protein) by component 3 ((alcohol + salt) mixture) using the equation [27] 
where C D3 and C N3 represent the preferential solvation of the protein by the (alcohol + salt) mixture in the denatured and native states, respectively. Here, x is the mole fraction and 'a' is the activity of alcohol. The highest mole fraction of alcohol used in the calorimetric experiments is 0.0174; therefore, the activity was taken to be equal to the mole fraction.
Fluorescence experiments
The fluorescence experiments were done on a PerkinElmer LS-55 spectrofluorimeter at T = 298 K with a quartz cell of 1-cm path length. The protein concentration in all the experiments was kept between 3.5 Á 10 À6 and 5 Á 10 À6 mol Á dm À3 . The excitation and emission slit widths were fixed at 5 nm. The excitation wavelength was kept at 295 nm to selectively excite the tryptophan molecules. For the ANS binding and energy transfer experiments, the ANS concentration was kept at 12 Á 10 À5 mol Á dm À3 which was determined using the extinction coefficient of ANS as E 1% 350 ¼ 5000 mol À1 Á dm 3 Á cm À1 [28] . For ANS binding and energy transfer experiments, the excitation wavelengths were fixed at 365 and 295 nm, respectively. Quenching experiments were performed with acrylamide and KI where the concentration of the quencher was varied from (0.05 to 0.30) mol Á dm
À3
. The background spectra containing same amount of additive in buffer was subtracted from all the plots. For quenching experiments with KI, 1.0 Á 10 À5 mol Á dm À3 Na 2 S 2 O 3 solution was added to prevent the formation of I 
Circular dichroism experiments
The CD experiments were performed on a Jasco-810 CD spectropolarimeter at T = 298 K. The protein concentration and path length of the cell used were 5 Á 10
and 0.1 cm for far UV CD and 20 Á 10 À6 mol Á dm À3 and 1 cm for near UV CD, respectively. The spectropolarimeter was purged with N 2 prior to the experiment. Each CD plot was an average of three accumulated plots scanned at 500 nm Á min À1 . The plots were baseline corrected. The molar ellipticity was calculated from the observed ellipticity, h, as 100 Á h/c Á l, where c is the concentration of the protein solution in mol Á dm
À3
and l is the path length of the cell in centimetres.
Isothermal calorimetry experiments
The ITC measurements were carried out at T = 298.15 K on an isothermal titration calorimeter (VPITC from Micro Cal, Northampton, MA). Before loading, the solutions were thoroughly degassed by stirring under vacuum in a Thermovac unit supplied with the instrument. The reference cell was filled with the degassed buffer and the sample cell contained protein solution at a concentration of 1.4 Á 10 À4 mol Á dm À3 . Titrations were carried out using a 250 ldm 3 syringe filled with the solution of interest which was added sequentially in 5 ldm 3 aliquots (for a total of 50 injection, 20 s duration each) at 4 min intervals. The heats of dilution were determined in parallel experiments for the ligand, protein and buffer mixing, and were subtracted from the main binding profile prior to the curve fitting. Origin 5.0 software was used to fit the thermodynamic parameters to the measured heats of reaction. The data on binding of ANS to a-lactalbumin fitted best to two sequential binding sites model. For sequential binding, the binding constants are defined relative to the progress of saturation, such as
where L denotes ligand and M denotes the macromolecule.
The heat content Q after any ith injection is then expressed as
where F i is the fraction of total macromolecule having i bound ligands and V o is the active cell volume. The pertinent calculated heat effect (DQ) for the ith injection is
which is then used in the Marquardt minimization algorithm to obtain best fitting values for the thermodynamic parameters.
Results and discussion
3.1. Interaction of a-lactalbumin with (HFIP + GndSCN) and (isopropanol + GndSCN) mixtures
UV-Visible experiments
The representative thermal denaturation profiles of a-lactalbumin in the absence and presence of varying concentrations of equimolar (HFIP + GndSCN) and (isopropanol + GndSCN) mixtures at pH 7.0, as studied by the change in absorbance at 293 nm as a function of temperature, are shown in figure 1 as fraction of native protein (f N ).
The value of f N was calculated using the following equation:
where A N , A D and A T are the values of the absorbance of the protein in the native state, denatured state, and at any general temperature T. The thermal denaturation reaction of the protein occurs in the manner as represented by:
The corresponding thermodynamic parameters accompanying the transitions are reported in table 1. The most obvious effect observed in the presence of (alcohol + salt) mixtures was the lowering of the thermal transition temperature and the enthalpy of the protein unfolding. The thermal unfolding in presence of both the additive mixtures was found to be reversible and so we could calculate the associated thermodynamic parameters. Beyond 0.25 mol Á dm À3 (HFIP + GndSCN) equimolar mixture, no clear thermal transitions were observed. At higher concentrations of the (isopropanol + GndSCN) equimolar mixture, the transition curves were observed to be close to each other as also revealed by the entropy and enthalpy of the transitions (table 1). In the presence of the (HFIP + GndSCN) equimolar mixture, the heat capacity of denaturation of a-lactalbumin (DC p ) from a plot of DH against T 1/2 was found to be (2.
and that in the presence of the (isopropanol + GndSCN) equimolar mixture was found to be (2.
. Exposure of the non-polar groups that are previously buried in the native structure to the surrounding solvent molecules around them results in large and positive values of DC p for protein denaturation. However, it is also known that a negative contribution from the exposure of the polar groups is expected to offset partially the positive contribution (DC pol < 0; DC apolar > 0) [29, 30] . In the absence of any additive, the value of DC p for a-lactalbumin is known to be (4.6 ± 0.3) kJ Á K À1 Á mol À1 [16] . Lowering the value of DC p for a-lactalbumin under these experimental conditions indicates enhanced hydrophobic interactions between the non-polar regions of the unfolded protein and the alkyl groups of isopropanol and -CF 3 groups of HFIP, respectively, leading to reduction of the extent of reordering of water molecules surrounding the hydrophobic regions of the protein. The DC p value obtained in the presence of the (isopropanol + GndSCN) equimolar mixture were comparable to that obtained in the presence of the (HFIP + GndSCN) equimolar mixture which shows a similar extent of structural reorganization under these conditions.
The values of denaturational change in the preferential solvation parameter (DC 23 ) accompanying the thermal unfolding of a-lactalbumin in the presence of the (HFIP + GndSCN) equimolar mixture and (isopropanol + GndSCN) equimolar mixture were calculated [31] with respect to the mole fraction of the alcohol (table 2). The positive value of DC 23 and its increase with the increasing concentrations of both the mixtures indicate (figure 2) that the co-solute have greater affinity towards the protein surface exposed upon denaturation than that in the native state, thus shifting the Native (N) D Denatured (D) equilibrium to the right, leading to decrease in the denaturation temperature of a-lactalbumin.
The plot of denaturational change in the standard Gibbs free energy calculated by using equation (1) intersection of the plot with the dotted line is the transition temperature for thermal denaturation of the protein in presence of the respective concentrations of the mixtures. In order to check the validity of group additivity in the thermodynamic parameters following relationships were considered
At a particular concentration where D 2 + D 3 = D 1 , the group additivity would hold, implying that the two additives exert their individual denaturing influence when used as a mixture. It was observed that for the 0.2 mol Á dm
À3
(HFIP + GndSCN) equimolar mixture group additivity holds whereas for the same concentration of the (isopropanol + GndSCN) equimolar mixture, it does not. This can be explained on the basis of the fact that alcohols lower the dielectric constant of an aqueous solution [32] . When this happens, at lower concentration of alcohol, the salt would form an even stronger ion pair, and would not denature the protein in its full capacity. It was observed that T 1/2 of the protein in the presence of GndSCN or isopropanol alone is lower than that in the presence of the (isopropanol + GndSCN) equimolar mixture suggesting that in a mixture protein is slightly stabilized. Whereas this kind of stabilization was not observed in the presence of the (HFIP + GndSCN) equimolar mixture which can be attributed to the very strong denaturing influence of HFIP due to the presence of two -CF 3 groups which enhance the hydrophobicity of the alcohol manifolds.
Circular dichroism
Near-UV CD spectra for a-lactalbumin in the presence of both the (alcohol + salt) mixtures (figure 4) show the characteristic negative maxima at 272 nm, which follows a concentration dependent decrease with increase in the concentrations of the mixtures. The total loss of tertiary structure was observed at and above the 0.3 mol Á dm
À3
(HFIP + GndSCN) equimolar mixture ( figure 4A ). Significant loss of tertiary structure was observed in the presence of 0.25 mol Á dm À3 (HFIP + GndSCN) equimolar mixture, indicating a partially folded state of a-lactalbumin under these conditions. Near-UV CD plots for a-lactalbumin in the presence of the (isopropanol + GndSCN) equimolar mixture (figure 4B), show an appreciable loss of tertiary structure in the presence of 0.85 mol Á dm À3 and 1.0 mol Á dm À3 equimolar mixtures, suggesting that protein is also in the partially folded conformation at these concentrations of the additives.
Fluorescence experiments
Intrinsic fluorescence experiments were done to monitor change in the tryptophan environment in the presence of the two sets of additives. In the absence of any additive, the fluorescence spectra of the protein give the characteristic fluorescence intensity maxima (k max ) at 331 nm, which is consistent with that reported in the literature [33] . In the presence of the 0.25 mol Á dm À3 (HFIP + GndSCN) equimolar mixture, shift in the value of k max from (331 to 345) nm was observed. For the 8.5 mol Á dm À3 urea denatured protein, k max at 354 nm corresponding to a fully denatured protein was obtained. The intrinsic fluorescence plot in the presence of the (isopropanol + GndSCN) equimolar mixture, first shows a lowering of intensity, a red shift in the k max from (331 to 345) nm for 0.85 mol Á dm and a further shift to 352 nm for 1.0 mol Á dm À3 of the same additives, which suggest that at 1.0 mol Á dm À3 of the mixture, the protein is near denaturation. Characteristically, partially folded states are expected to have k max lying between that of the native and fully denatured state [24] . Our experimental results also show that at pH 7.0, for concentrations at and above those of the 0.2 mol Á dm
À3
(HFIP + GndSCN) equimolar mixture and 0.85 mol Á dm À3 (isopropanol + GndSCN) equimolar mixture, the value of k max is in between 331 nm (corresponding to the native protein) and 354 nm (corresponding to fully denatured protein).
3.1.3.1. ANS binding and energy transfer. ANS is a wellknown hydrophobic fluorophore which has been extensively used for characterizing the folding intermediates of proteins. The ANS binding and energy transfer experiments were done in order to get further information as to which concentration of the (alcohol + salt) mixtures led to partially folded conformations of a-lactalbumin.
When ANS binds to exposed hydrophobic residues in proteins there is energy transfer between the tryptophans of the protein and the bound ANS. The tryptophan residues lose their fluorescence intensity and the ANS fluorescence gains in intensity. In the presence of a partially folded protein with exposed hydrophobic surfaces, the fluorescence of ANS is enhanced and the emission maximum is blue-shifted from 510 nm, corresponding to free ANS to 470 nm corresponding to protein bound ANS [34] . From ANS binding and energy transfer studies, it was observed that there is minimal binding of ANS with the protein in the native state which gradually increases on addition of the additive mixtures. The ANS binding and energy transfer fluorescence intensity was maximum in the presence of the 0.25 mol Á dm À3 (HFIP + GndSCN) equimolar mixture and 0.85 mol Á dm À3 (isopropanol + GndSCN) equimolar mixture suggesting that a-lactalbumin could possibly be in a stable, partially folded conformation under these conditions. These observations are consistent with the well established fact that ANS binds more to a partially folded state compared to native and denatured states of the protein [34] .
Acrylamide quenching.
To investigate further the change in conformation of the protein in the presence of the additive mixtures, experiments with acrylamide as the quencher were performed. For dynamic and collisional quenching, the process is governed by the following equation [33] ,
where F 0 is the fluorescence intensity in absence of the quencher Q, F is the value in the presence of the quencher at concentration [Q] and K SV is the Stern-Volmer quenching constant. The values of K SV were obtained from the slope of the plot of (F 0 /F À 1) against [Q] (table 5, figure  5 ). The extent of quenching and hence the value of K SV depends on the degree to which the quencher achieves the encounter distance of the fluorophore. Acrylamide can penetrate both hydrophobic as well as hydrophilic regions of the protein and this is indicated by the linear plot of (F 0 /F À 1), against [Q] suggesting that all four tryptophan residues of a-lactalbumin are equally accessible to the quencher.
The value of the Stern-Volmer quenching constant, K SV for the native protein was found to be 1.97 mol À1 Á dm 3 , whereas for 8.5 mol Á dm À3 urea denatured protein it was 7.16 mol À1 Á dm 3 which is almost 3.6 times higher than that of the native protein. These findings suggest that in the native state the tryptophans are shielded from the quencher to the highest degree and in the denatured state at the least amount. In the presence of the 0.25 mol Á dm
À3
(HFIP + GndSCN) equimolar mixture the value of K SV is 6.23 mol À1 Á dm 3 , which is in between that of the native and denatured state and thus, suggestive of an intermediate conformation of a-lactalbumin. In the presence of the 0.85 mol Á dm À3 (isopropanol + GndSCN) equimolar mixture, the value of K SV is 4.88 mol À1 Á dm 3 , again in between that for the native and the denatured protein.
KI quenching.
The quenching experiments were also done in the presence of KI, which being an ionic compound can encounter and hence quench only those tryptophans, which are exposed to the solvent [35] . The a-lactalbumin has four tryptophan residues at positions, 26, 60,104, and 118 [36] . Out of these four tryptophans, the one at position 60 is the only tryptophan residue exposed to the solvent in the native state and contributes only 7% to the total fluorescence of a-lactalbumin, hence in the native state the quenching of the protein fluorescence by KI is almost nil. The tryptophan residues at positions 104 and 118 are part of the 3 10 helix and the one at position 26 is part of the a-helix [37] . These three residues are essential for the formation of partially folded state of a-lactalbumin. In the presence of the 0.25 mol Á dm À3 (HFIP + GdSCN) equimolar mixture and 0.85 mol Á dm À3 (isopropanol + GndSCN) equimolar mixture, the protein showed considerable amount of quenching with KI. On plotting (F 0 /F À 1) against [KI], nonlinear plots were obtained (table 6; figures 6 and 7) indicative of fluorophores interacting with KI in different environments. Hence to interpret the result, the modified Stern-Volmer equation [36] was used
where f a is the fraction of fluorophore accessible to the quencher and K a is the association constant of the quencher to the fluorophore. Making use of the modified Stern-
and a linear plot was obtained (figures 6 and 7). In the presence of the 0.25 mol Á dm À3 (HFIP + GndSCN) equimolar mixture, the fraction of tryptophan accessible to the quencher was found to be 0.66, which means that 66% of the tryptophans were accessible to the quencher. The fraction of fluorophore accessible to the quencher in the presence of the 0.85 mol Á dm
À3
(isopropanol + GndSCN) equimolar mixture was found to be 0.50 which means that out of four tryptophans of a-lactalbumin, 50% are exposed to the solvent. In the presence of 8.5 mol Á dm À3 urea, all four tryptophan residues are subjected to a similar degree of the fluorescence quenching by (14) with n = 4.4
ð14Þ The values of association constant, enthalpy, and entropy of binding are (7.1 ± 1.3) Á 10 3 mol À1 Á dm 3 , (À836 ± 150) J Á mol À1 and 59 J Á K À1 Á mol À1 , respectively. The thermodynamic parameters indicate that the binding of ANS to the native state of a-lactalbumin is weak and is accompanied by a slight exothermic effect indicating absence of significant hydrophobic interactions between the ligand and the protein. The hydrophobic interactions are accompanied by endothermic heat effects [38] .
The calorimetric titrations of ANS with a-lactalbumin at pH 7.0 in the presence of the 0.25 mol Á dm Existence of a pair of sequential binding site means that binding of ligand to one site will be influenced by whether or not ligands are bound to the other site. The thermodynamic parameters extracted from the model fitting are summarized in table 7 which indicates that the binding of ANS molecules to both the binding sites in the presence of the 0.25 mol Á dm À3 (HFIP + GndSCN) equimolar mixture is endothermic with a positive entropy change and also that the binding constant K 2 for the second site (high affinity site) is higher than the first binding site. For both the sites, binding is entropically driven since the values of both DH and DS are positive. The low values of enthalpy of binding and binding constants suggest that the binding is very weak. Energetic contributions of many individual interactions such as hydrogen bonds, van der Waals, electrostatic, polar, and dipolar interactions, etc. between the two binding molecules are reflected by the enthalpy term. The entropy represents the gain in degrees of freedom of the water molecules that prior to the binding are localized in the surface of the binding molecules and are released to the bulk solvent upon binding. It is usually positive (favourable), since the binding molecules have a greater percentage of non-polar than polar surface area buried upon binding [39] . In the present case also, significantly positive values of the entropy of binding are obtained.
The binding of a-lactalbumin at pH 7.0 with ANS in the presence of the 0.85 mol Á dm À3 (isopropanol + GndSCN) equimolar mixture also shows best nonlinear fitting to two sequential binding sites giving the best fitting thermodynamic parameters which are summarized in table 7 . The values of heat change involved in the binding process are very small, yet they show a definite trend. Again the binding seemed to be governed mainly by the entropic contribution (table 7) . It was observed that the first binding site is the high affinity binding site, with K 1 higher than K 2 (table  7) . This type of binding can be best described as that exhibiting negative cooperativity and is marked by appearance of two phases in the binding isotherm, corresponding to saturation of the first site, and then the second site. Comparing the binding constants in the presence of the two different (alcohol + salt) mixtures, we infer that the two partially folded states of a-lactalbumin are different in nature as they exhibit a different binding affinity towards ANS. This difference in the binding parameters suggests that these two sets of co-solutes lead to conformational states of protein which are partially folded to different extent.
The binding parameters and more importantly the small heat changes for the binding of ANS with the suggested partially folded intermediate states indicate that the nature of binding is very weak. This further corroborates that in the presence of the 0.25 mol Á dm À3 (HFIP + GndSCN) and 0.85 mol Á dm À3 (isopropanol + GndSCN) mixtures a-LA exists in partially folded conformations which are different from the conventional MG state where a very strong binding with ANS has been observed [40] .
Possible binding sites for ANS
In principle, binding of ANS to a protein surface is dictated by a variety of non-covalent interactions such as hydrophobic interactions, electrostatic interactions, van der Waals interactions, and hydrogen bond interactions. Amongst these, hydrophobic interactions have been assumed to play a significant role in the binding processes [41, 42] . The crystal structure of a-lactalbumin is well established and is known to have a hydrophobic region, aromatic cluster I and a calcium binding site as the rigid and functional part of the enzyme. The hydrophobic region is comprised of residues 53(Phe), 55(I), 95(I), 103(Tyr), and 104(Trp) from the C and D helices of a domain and from the b domain, whereas the aromatic cluster I consists of residues 31(Phe), 32(His), 117(Gln) and 118(Trp). The Phe31 and Gln117 are relatively exposed, whereas His32 and Trp118 are somewhat shielded from the solvent by the surrounding residues [43] . We suggest here that the proposed partially folded states of a-lactalbumin could be binding with ANS through these two regions which may be getting exposed due to the denaturing influence of the additives. There is a reason to believe this since the two tryptophans in these regions (Trp104 and Trp118) have been known to play an important role in formation of the partially folded state and have been shown to be exposed to different levels in the quenching experiments (%Trp exposure being different for each of the proposed partially folded state) indicating that these regions might also be exposed to different levels in presence of different additive mixture and their concentrations. However, importance of the electrostatic interactions in ANS binding has also been reported in the literature [44] . Even though the major force of binding here is the result of hydrophobic interactions (since the binding is endothermic in nature), the electrostatic interactions through the sulphonate group of ANS with the cationic groups (histidine, arginine, lysine chains etc.) donated by the protein, also cannot be ruled out. This is also supported by our fluorescence experiments where a very low intensity of binding is observed. The sulphonate group of ANS could possibly be forming an ion pair with guanidine group of GndSCN, leading to a lesser TABLE 7 Association constant (K), enthalpy (DH), and entropy (DS) of binding of ANS to a-lactalbumin in the presence of the 0.25 mol Á dm
À3
(HFIP + GndSCN) equimolar mixture and 0.85 mol Á dm À3 (isopropanol + GndSCN) equimolar mixture at pH 7.0 and T = 298.15 K according to two sequential binding sites model described by equations (15) extent of binding with the exposed hydrophobic surface of the protein.
Conclusions
The strong denaturing influence of the guanidine salt and the local secondary structure inducing ability of alcohol leads to the formation of equilibrium partially folded states of protein which are relatively stable than the other intermediates occurring during the course of protein folding. The thermal unfolding studies of a-lactalbumin in the presence of equimolar (alcohol + GndSCN) mixtures has permitted the determination of quantitative thermodynamic parameters accompanying all the transitions. Circular dichroism and fluorescence spectroscopic results corroborate the thermal unfolding results and indicate protein conformations with poorly defined tertiary structure in the presence of the 0.25 mol Á dm À3 HFIP and GndSCN mixture and the 0.85 mol Á dm À3 isopropanol and GndSCN mixture. Our results also correlate well with the hydrophobicity difference between HFIP and isopropanol. Isothermal titration calorimetric measurements have demonstrated that binding of ANS with the two partially folded states is non-specific as the binding constants for the two binding sites are different and seems to be governed mainly by the entropic contribution. The binding isotherms show best nonlinear fitting to two sequential binding sites.
